An experimental study of the origin of oblique vortex shedding in the laminar wake of circular cylinders was conducted in the range of Reynolds numbers from 40 to 160. Two transverse circular cylinders were positioned upstream of the main shedding cylinder to control the angle of shedding from the main cylinder. The respective distances between each transverse cylinder and the main cylinder were used to induce oblique shedding of different angles, curved shedding, as well as parallel shedding. Measurements of the mean static pressure distribution in the base region of the cylinder and of the mean spanwise component of the velocity in the wake were taken. These measurements revealed that a non-symmetric pressure distribution, which induced a spanwise flow in the base region of the cylinder, was responsible for the oblique shedding. By using a simple model based on the ratio of the streamwise to the spanwise vorticity components, the angle of shedding was predicted within 2" of the value measured from flow visualization. The vorticity was simply evaluated from the spanwise and streamwise velocity profiles of oblique vortex streets obtained with the LDV measurement technique. Parallel vortex shedding showed a symmetric pressure distribution with zero spanwise component of the velocity and zero crossshear in the cylinder base. It was shown that parallel vortex shedding results in a continuous Strouhal-Reynolds number curve.
We undertook a series of studies in order to clearly identify the mechanism responsible for the oblique vortex shedding. We created stable, reproducible oblique and parallel vortex shedding for which accurate pressure and velocity measurements were obtained to elucidate the differences between these two flow conditions. We attempted to use the angled end-plates technique to create these shedding geometries, but it was our experience that a certain amount of iteration was needed to operate successfully at all free-stream velocities and cylinder aspect ratios. An intuitive approach to the problem led us to develop an alternative control technique as described in Hammache & Gharib (1989). As outlined in the next section, this technique, which we call the ' transverse control cylinders technique ' or ' TCCT ' for short, was easy to use and required no iteration when the velocity was varied, even at higher aspect ratios..
Various shedding geometries were induced by using the TCCT and relevant flow quantities, such as the mean pressure on the cylinder body, the mean streamwise and spanwise velocity components in the wake and the shedding frequency were measured carefully for each shedding geometry.
Apparatus
The experiments were conducted in two recirculating flow facilities: a wind tunnel with test section dimensions of 60.96 em by 60.96 cm and a water tunnel with a test section of 25.4 cm by 25.4 cm. The technique used to control the wake behind a circular cylinder consists of positioning two circular cylinders of diameter D (referred to as the 'control cylinders') upstream of and normal to the shedding cylinder of diameter d (referred to as the 'main cylinder '). The experimental arrangement with the relevant parameters is shown in figure 1 . The distances H , L, and L, can be adjusted by independently moving the control cylinders. The ratio A = H / d defines an effective aspect ratio of the main cylinder. The region of interest is the region of the main cylinder span between the control cylinders. The main cylinder consisted of a stainless steel hypodermic tube of high outside diameter consistency (1.27 x cm precision) and very smooth surface finish. The control cylinders were stainless steel drill rods. Precautions were taken to avoid any vibration of the main cylinder. Vibration which could be transmitted by the tunnel itself was avoided by attaching the main cylinder to a frame outside the test section with no contact with the wind tunnel. Flow-induced vibration was eliminated by keeping the natural frequency of the main cylinder from interacting with the shedding frequency. This was achieved by applying an adequate tension on the cylinder in order to 'tune ' the natural frequency away from any frequencies which would cause lock-on. This measure was supplemented by the use of foam pieces at the cylinder ends to dampen it. The cylinder displacement was monitored by an infrared photon coupled interrupter modulus (GEH13Al) which helped ensure that the cylinder was not vibrating.
The plan view of the wake was visualized by using the smoke wire technique in air and the hydrogen bubble technique in water. Both techniques use a thin stainless steel wire positioned parallel to the main cylinder. In air, the wire is coated with oil then heated to produce smoke. In water, the wire is the cathode of a DC circuit, and a thin copper plate placed farther downstream is the anode. The water is electrolysed by a pulsed voltage and a sheet of hydrogen bubbles is generated at the wire and carried away by the flow. In both techniques, the wire was downstream of the cylinder and a t one edge of the Karman vortex street, so that only one side of the vortex street was traced. Measurements of the mean static pressure on the surface of the main cylinder were taken in the wind tunnel experiments. A very small hole (typically of 2.5 x lop3 cm diameter) was tapped on the hypodermic tube by using an Electro-Discharge Machine, and one end of the tube was connected to the active port of an accurate differential pressure transducer (MKS, model 398) while the other end was sealed. The reference port of the pressure sensor was connected to the static tap of a United Sensor Pitot-static tube. The spanwise distribution of pressure was obtained by sliding the main cylinder along its axis, thus moving the location of the pressure tap along the cylinder span.
The frequency spectra were measured in the wind tunnel with a hot wire (TSI, model 1210-T1.5) fed into a two-channel FFT signal analyser (Scientific Atlanta, model SD380Z). Velocity data were taken in the water tunnel with a two-channel laser-Doppler velocimeter (Dantec fibre optics LDV). All data, in both wind and water tunnel experiments, were sampled with a 12-bit A/D converter on a MASSCOMP computer.
The origin of the reference coordinate system was a t the base of the cylinder, a t the middle of the span ; x was measured in the streamwise direction, with x = 0 a t the back stagnation point of the cylinder, y was measured in the direction normal to the free stream and normal to the cylinder axis, with y = 0 a t the centre of the wake, and z was measured in the direction perpendicular to the plane (2, y) with z = 0 a t the middle of the span of the cylinder. When the control cylinders were in use, the coordinate z was in the range -4H to 
Results and discussion
2.1. The Karmain vortex street : preliminary observations In our wind tunnel facility, the oblique vortex shedding starts at Re, z 72 and dominates the wake until the three-dimensional transition to turbulence. Figure 2 presents the plan view of the wake in oblique shedding of about 13' for a cylinder of aspect ratio 750 (based on the width of the test section), at Re = 100. It is important to note that even at this large aspect ratio the vortex shedding can be oblique. As we mentioned in 5 1 . l , Van Atta & Gharib had to use cylinders of aspect ratio above 2500 in a highly uniform flow and in the absence of cylinder vibration to obtain twodimensional laminar wakes.
In order to ensure that the oblique shedding is not due to flow non-uniformities, velocity profiles were taken across the test section of the wind tunnel, in the absence of any cylinders, at velocities which correspond to Re = 46, 7 2 , and 11 1, based on the diameter of our main cylinder. All three profiles showed a uniform flow across the test section. The free-stream velocity across 95% of the test section width was within 0.3% of the value at the centre of the test section.
The interaction between the wall boundary layer and the cylinder wake near the ends is so complex that no simple prediction could be made of the angle of vortex shedding. Evidently the flow conditions at the two ends are not identical, and it is their relative influences that control the angle of the vortices. As the flow velocity is 
varied, the shedding angle 8 changes in magnitude and/or sign, but the vortices adopt a stable geometry. Frequency jumps were observed at some velocities and the flow visualization showed an unstable configuration whereby the angle 8 varied constantly, the wake being unable to find a stable geometry. The mechanism by which this unstable condition was initiated is not entirely clear. It may have been a result of changing relative strength of the horseshoe vortices at free-stream velocities 576 M . Hammache and M . Gharib which produce unstable shedding near the ends. Note that the observed shedding angles and the location of the discontinuities on the St-Re curve should not be generalized for other flow facilities or other cylinder end geometries.
The sensitivity of the shedding angle t o the flow conditions a t the ends of the cylinder is obvious if one compares the angles of shedding in figures 2 and 3. boundary layer resulted in a change of both the sign and magnitude of the shedding angle, which changed from 13' to -15'. This is indicative of a direct dependence of the angle of vortex shedding upon the wall boundary-layer conditions at the ends of the cylinder. The scatter in the data found in the literature is inevitable because no two flow facilities are identical, a t least as far as the wall boundary layers are concerned. The TCCT substitutes strict control of the cylinder wake for the arbitrary effect of the wall boundary layers. A detailed description of the various shedding geometries attained through the use of this technique is given below.
The effect on the vortex geometry of controlling the cylinder ends
Parallel vortex shedding is obtained by positioning the control cylinders at a specific distance L, = L, = L o . This is illustrated in figure 4 at Re = 100. The parameter Lo, for which the vortices in the controlled region are straight and parallel to the axis of the main cylinder, is a function only of the diameter D of the control cylinders. Varying the free-stream velocity or the distance H (which is equivalent to varying the effective aspect ratio A = H / d ) has no effect on the shedding geometry. The vortices remain parallel to the cylinder axis in the controlled region.
For the symmetric arrangement L, = L, = L but L =k Lo, the vortex filaments are not straight. Instead, they are curved. Figure 5 (a, b ) shows the shape of the vortices for L < Lo and L > Lo, respectively, at Re = 100. and sign of the shedding angle depends on the specific values of L, and L,. An example is shown in figure 6 .
Note that positioning the control cylinders downstream of the main cylinder or using only one control cylinder does not create parallel vortex shedding.
To understand the mechanism by which the TCCT (or any other control technique) works to induce parallel shedding one must study the flow conditions imposed on the cylinder ends and the extent of these conditions on the flow along the whole span of the cylinder. We investigated the pressure and velocity fields for the different shedding geometries and the results are presented below.
Static pressure measurements for parallel and oblique shedding
As conjectured by Ramberg (1983), the base pressure near the ends of the cylinder can be influenced by end plates which are angled with respect to the free stream. As seen in figure 7 , the front stagnation pressure distributions are identical, which suggests that the upstream flow conditions are not responsible for the oblique vortex shedding.
However, the base region is characterized by a symmetric pressure distribution when parallel vortex shedding is achieved. This symmetry is lost in the case of oblique shedding. This trend is very apparent in figures 8 and 9, for ,4 = 60" and = 180" respectively. The pressure measurements also help explain how the control cylinders can induce different vortex shedding geometries. The parameters L, and L, simply control the static pressure induced by the control cylinders on the main cylinder in the regions around z = -4H and z = 4H. When the imposed static pressures are equal, the vortex shedding is symmetrical. This, however, is not a sufficient condition for parallel shedding. In general, L , = L, = L produces curved vortices, such as the cases shown in figure 5 . To achieve parallel shedding, the imposed pressure distribution has to be uniform over the centre span. For L < Lo, the pressure in the central region is higher than at the ends, and conversely for L > Lo.
We conducted three experiments which support the above argument. Based on our model, one should be able to obtain a symmetric pressure boundary condition by using two control cylinders of different diameters. Figure 10 shows that parallel shedding could be induced by two control cylinders of diameters D,, positioned at L,, and D,, positioned at L,. Note that L, =t= L, because each control cylinder had to be positioned at its optimum distance upstream of the main cylinder to create parallel shedding.
The second experiment was conducted at Re = 65. This corresponds to naturally parallel shedding, since this Reynolds number is below the onset of 'the oblique shedding in our tunnel. By using control cylinders of the same size but such that L, =I= L,, the region of the wake between the control cylinders could be made oblique, whereas the outside regions remained parallel. This case is depicted in figure 11 .
In the third experiment, we placed the control cylinders downstream of the main cylinder and found that parallel vortex shedding could not be achieved. No control over the wake of the main cylinder could be achieved in this configuration. These experiments show that oblique shedding is not due to a secondary instability of the wake, but rather due to a pressure gradicnt at the back stagnation region of the cylinder. This pressure mismatch could be caused by uneven formation of horseshoe vortices in the wall boundary layers upstream of the cylinder. The wrapping of these vortices around the cylinder can greatly alter the pressure field in the base region. These horscshoc vortices interact with the Kgrman vortex street in the form of shedding cells as discussed by Gerich & Eckelmann (1982) . This interaction occurs downstream of the base region and one might expect that the crucial part of the flow that causes the oblique shedding is that entrained into the immediate base region due to the pressure mismatch a t the two ends of the cylinder. Therefore, the oblique shedding should also be associated with a spanwise flow a t the base of the cylinder. The existence and orientation of such a flow is dictated by the sign of the pressure gradient and can be verified only by a direct measurement of the spanwise component of velocity itself. The need to resolve the velocity in the near wake of the cylinder into its streamwisc and spanwise components required the implementation of the frequency shifted laser-Doppler velocimetry (LDV). Hotwire anemometry would only resolve the magnitude of the velocity and not its direction. The LDV measurements were conducted in a water tunnel and the results are discussed below. 
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Measurements of the spanwise velocity component in parallel and oblique vortex streets
A frequency-shifted two-component fibre-optics LDV system was used to measure velocity profiles across the wake at various streamwise and spanwise stations. The mean spanwise component of velocity, W, was measured in the wake of the main cylinder for different angles of shedding. Figure 12 shows profiles taken across the wake a t z = 0, x/d = 1, which is inside the closure region of the near wake, a t Re = 100. As predicted, the oblique shedding shows a finite spanwise mean velocity component, whereas the parallel shedding shows no base flow. The orientation of the W-velocity is in agreement with the sign of the pressure gradient, i.e. W > 0 for 6 < 0 and W < 0 for 8 > 0.
More evidence of the existence of a spanwise flow in the cylinder base region is obtained from velocity measurements of curved vortex shedding. By using the control cylinders such that L, = L, = 0, we induced the case of curved vortex shedding depicted in figure 5 (a) . We chose this condition of vortex shedding because the angle of the vortices can be considered positive for z < 0, negative for z > 0 and ... ......................................................................................................................   ~   ................................... where they indicate that a mean reversed spanwise flow is induced in the outer edges of the wake due to the tilting effect.
While spanwise velocity in the developed region of the wake can be attributed to the induced velocity of the oblique vortices, its existence in the base region, where vortices are not yet formed, is attributed to a pressure difference between the ends of the cylinder. The spanwise flow in the base region of the cylinder generates a crossshear near the sensitive separation region, thereby affecting the angle of the shed vortices.
In the case of oblique shedding, the W-velocity gradient generates a streamwise vorticity vector w, in the wake, which is a component of the total vorticity vector w . The angle between w and the z-component, w,, determines the angle of shedding 0. If one considers the case of oblique shedding with 8 < 0, the vortices peel off from the top end of the cylinder first, then the mean base flow is directed upward at the centre of the wake and downward at the outer edgcs of the wake, in agreement with the pressure and base flow data presented earlier. This is illustrated in figure 15 . The quantity aW/ay generates a streamwise cross-shear which yields the correct resulting vorticity when added to the spanwise vorticity component. The angle of vortex shedding is then determined by the angle formed by w with respect to the cylinder axis. In the case of parallel shedding, the vorticity vector w in the wake does not have a streamwise component because there is no W-velocity. Note from figure 15 that: tan (8) = w,/w,.
We could then substitute for w, and w, the approximate quantities S , = aW/ay I , , , and S, = i3U/i3y(mitx, respectively, which are the maximum slopes of the W-and Uvelocity profiles, measured a t the inflexion points. The angle of shedding could then be calculated from the expression
z tan-' (S,,,/S,).
With this simple method, the angle 8 was calculated from the velocity profiles at x/d = 40. The W-component profile is shown in figure 14 ( c ) and the U-component profile is in figure 16 . The angle obtained from this simple calculation was found to be within 2' of the measured value.
2.5.
The Strouhal-Reynolds number relationship for parallel and oblique vortex shedding As has been previously stated, the oblique vortcx shedding is accompanied by discontinuities in the St-Be curve. However, i t was observed by Williamson (1988) that inducing parallel shedding results in a continuous St-Re curve. This result was also obtained when the control cylinders were used by Hammache & Gharib (1989) to control the vortex shedding, as shown in figure 17 . The parallel-shedding data points are best fitted by the following relation St, = 0.212-5.35lRe.
As far as parallel shedding is concerned, the above relation is in relatively good agreement with the results of Williamson (1988) and Konig, Eisenlohr & Eckelmann (1990) .
Conclusions
We have developed a control technique which permitted us to create vortex shedding of different geometries and study the mechanisms that generate oblique shedding. This technique proved to be much easier to use than other currently available techniques and showed no need for iteration as the free-stream velocity or cylinder aspect ratio were altered.
The findings in this paper contradict previous interpretations that the oblique shedding is due to a secondary instability of the flow and that its onset is Reynoldsnumber dependent. The pressure data, taken at the base of the cylinder along the span indicated the necessity of a symmetric base pressure distribution for parallel vortex shedding, whereas the oblique shedding is due to a lack of pressure symmetry. The pressure asymmetry in the base region indicates the existence of a spanwise flow in the near wake of the cylinder. Indeed, such a velocity component was measured with the LDV technique for the case of oblique shedding and its sign was found t o be in agreement with the sign of the pressure gradient obtained from the base pressure measurements. Parallel shedding indicated no spanwise flow. The pressure measurements alone do not determine the magnitude of the spanwise velocity component, but they do guarantee that a zero pressure gradient is equivalent to zero spanwise flow and, therefore, equivalent to parallel vortex shedding. The magnitude of the spanwise velocity vector, W , depends on the boundary and entrainment geometry. For the oblique shedding, the measured gradient of W in the y-direction is equivalent to a cross-shear in the x-direction, which is responsible for a streamwise vorticity component w,. This additional vorticity component is generated a t the base of the cylinder, again due to the base pressure gradient. The total vorticity o is directed along the vortex axis, i.e. at an angle 0 (the angle of shedding) with respect to thc z-direction. I n contrast, the case of parallel vortex shedding shows no spanwise flow in the wake and the vorticity vector a t any given point of the vortex street is parallel to the cylinder axis.
I n a good quality flow and in the absence of any vibrations, we showed that oblique vortex shedding and accompanying discontinuities in the St-Re curve are due solely to geometrical and flow conditions a t the ends of the cylinder.
